ABSTRACT The seven human sirtuins are a family of ubiquitously expressed and evolutionarily conserved NAD ؉ -dependent deacylases/mono-ADP ribosyltransferases that regulate numerous cellular and organismal functions, including metabolism, cell cycle, and longevity. Here, we report the discovery that all seven sirtuins have broad-range antiviral properties. We demonstrate that small interfering RNA (siRNA)-mediated knockdown of individual sirtuins and drug-mediated inhibition of sirtuin enzymatic activity increase the production of virus progeny in infected human cells. This impact on virus growth is observed for both DNA and RNA viruses. Importantly, sirtuin-activating drugs inhibit the replication of diverse viruses, as we demonstrate for human cytomegalovirus, a slowly replicating DNA virus, and influenza A (H1N1) virus, an RNA virus that multiplies rapidly. Furthermore, sirtuin defense functions are evolutionarily conserved, since CobB, the sirtuin homologue in Escherichia coli, protects against bacteriophages. Altogether, our findings establish sirtuins as broad-spectrum and evolutionarily conserved components of the immune defense system, providing a framework for elucidating a new set of host cell defense mechanisms and developing sirtuin modulators with antiviral activity.
H
uman sirtuins form a family of seven (SIRT1 to 7) NAD ϩ -dependent enzymes that are expressed in a wide range of tissues. Their NAD ϩ requirement ties their activity to the metabolic state of cells. Sirtuins have diverse subcellular localizations (1) to the nucleus (SIRT1, SIRT6, and SIRT7), cytoplasm (SIRT2), and mitochondria (SIRT3, SIRT4, and SIRT5) and have been shown to impact numerous cell functions, including metabolism, cell cycle, apoptosis, stress response, DNA repair, and gene expression (2) (3) (4) (5) . While they are predominantly known as lysine deacetylases (6, 7) , recent studies have discovered that sirtuins have a range of enzymatic functions, such as ADP ribosylation for SIRT4 (8) and SIRT6 (9) , desuccinylation and demalonylation for SIRT5 (10, 11) , and hydrolysis of long-chain fatty acyl lysine for SIRT6 (12) . As such, sirtuins are sensors of extra-and intracellular environmental changes, playing important roles in the maintenance of human health and disease prevention. Nevertheless, knowledge regarding sirtuin functions in response to viral infections has remained limited and primarily focused on SIRT1. During HIV-1 infection, SIRT1 was shown to regulate the function of the HIV-1 Tat protein (13) , which, conversely, inhibits SIRT1 deacetylase activity (14) . SIRT1 was also reported to impact additional viruses, including vesicular stomatitis virus (15) and Kaposi's sarcoma-associated herpesvirus (KSHV) (16) . However, although viruses are known to rely on numerous cellular mechanisms modulated by SIRT1, the other human sirtuins have not been yet studied in the context of viral infection.
Here, we have shown that inhibition of each of the seven sirtuins by small interfering RNA (siRNA) knockdown enhances the growth of diverse human viruses, as does treatment with a SIRT1 antagonist. In contrast, drugs that activate SIRT1 inhibit the production of viral progeny. Furthermore, knockout or overexpression of the Escherichia coli sirtuin, CobB, modulates the growth of bacteriophages. These results lead to the conclusion that sirtuins are broad-spectrum, evolutionarily conserved viral restriction factors. transfection at which cultures were infected with a test virus; t 2 , time after infection with a test virus when cell-free virus was harvested in order to determine its titer. (B) Knockdown efficiency of sirtuin-specific siRNAs used to test the full set of viruses. MRC5 cells were transfected with indicated siRNAs, and RNA was analyzed by RT-qPCR 96 h later. Results were normalized to the expression level of ␤-actin for SIRT1-6 or GAPDH for SIRT7. (C to F) Sirtuin knockdown enhanced virus yields. MRC5 cells were transfected with siRNAs targeting each individual sirtuin (siSIRT1 to -7), as well as a nontargeting siRNA (siNT) control, and then infected at the indicated times (t 1 ) after knockdown with HCMV (0.5 IU/cell) (C), HSV-1 (1 IU/cell) (D), Ad5 (5 IU/cell) (E), or influenza virus WSN (0.01 TCID 50 /cell) (F). Infectious virus in culture supernatants was quantified at indicated times (t 2 ) by the methods indicated in panel A. As a control, the efficiency of siRNA-mediated knockdown was monitored in HCMV-infected cells following knockdown of an essential immediate early gene product (siIE2). For all experiments, means Ϯ SD (n ϭ 3) are shown; **, P Ͻ 0.01; *, P Ͻ 0.05; weakly significant (ws), P Ͻ 0.1; nonsignificant (ns), P Ͼ 0.1. the widespread human pathogen human cytomegalovirus (HCMV), which is a major cause of birth defects and opportunistic infections in immunosuppressed individuals and a possible cofactor in certain cancers (17) . Human fibroblasts were transfected with siRNA for each sirtuin and then infected with HCMV (AD169 strain, BADinUL99GFP). The titers of viral progeny in culture supernatants were determined by infectious center assay of human fibroblasts, providing a functional readout. The knockdown and infection were timed to achieve the maximal knockdown of sirtuins during the period of peak viral replication and egress. Knockdown efficiencies were validated by quantitative PCR (qPCR) assay (Fig. 1B) , and the knockdown of the essential HCMV immediate early protein IE2 was used as a positive control and validation of transfection efficiency (Fig. 1C) . When the validated siRNAs were used to knock down each of the sirtuins, the HCMV titer increased compared to results with a control nontargeted siRNA (siNT) (Fig. 1C, red bars) , suggesting that this entire family of enzymes normally functions to antagonize HCMV infection. The increase in virus titers was further confirmed using a second siRNA for each sirtuin (Fig. 1C, gray bars) .
Given the impact on HCMV titers by all SIRT enzymes, we next tested whether sirtuin levels have a broad effect on diverse DNA and RNA viruses. We used the validated siRNA for each sirtuin (Fig. 1B) to analyze two additional DNA viruses, herpes simplex virus 1 (HSV-1) strain KOS 1.1 and adenovirus type 5 (Ad5), and an RNA virus, influenza virus A/WSN (H1N1). Strikingly, the knockdown of each sirtuin resulted in increased virus titers for all tested viruses, except in the case of SIRT3 and SIRT7 in HSV-1 infection (Fig. 1D to F) . Overall, the effects of sirtuin knockdowns on virus replication were most significant for HCMV and influenza virus H1N1 infections, with up to 10-fold increases in virus titers, suggesting a more active role for sirtuins during these infections. The impact on HSV-1 and Ad5 infections was significant but less prominent, with increases in virus production ranging from 1.5-to 3-fold. The siRNA results also indicate that distinct sirtuin classes can differentially impact the replication of various viruses. For example, SIRT1 knockdown led to increased virus titers for both DNA and RNA viruses. In contrast, knockdown of mitochondrial sirtuins had the most robust effects on HCMV and less impact on influenza virus A/WSN replication.
Sirtuin-modulating drugs impact the growth of diverse viruses. To determine if the impact of sirtuin knockdown on virus replication is driven by sirtuin enzymatic activity, the smallmolecule EX-527, an inhibitor of SIRT1 deacetylation activity (18) , was tested for an effect on HCMV yield. EX-527 inhibited SIRT1 activity ( Fig. 2A ) without reducing cell viability ( Fig. 2B and I). Treatment with the SIRT1 inhibitor mirrored the siRNA results, leading to a dose-dependent increase in the HCMV titer ( Fig. 2A) . Furthermore, EX-527 did not increase virus titers in a SIRT1 knockdown background (Fig. 2C) , confirming its specific dependence on SIRT1 activity and levels. This experiment indicates that sirtuins have antiviral properties mediated via their enzymatic activities. We therefore predicted that sirtuin agonists would inhibit virus replication. To test our hypothesis, we treated HCMV-infected fibroblasts with the known sirtuin activator resveratrol. The potency of resveratrol treatment for SIRT1 activity (Fig. 2D ) and maintenance of cell viability ( Fig. 2E and I ) was confirmed. Earlier work showed that resveratrol treatment significantly reduced HCMV (19) and influenza A virus (20) titers, although its effect was not previously connected to sirtuin activation. We also found that resveratrol inhibited the production of HCMV progeny (Fig. 2D) , and we showed that SIRT1 knockdown leads to a partial but substantial rescue of resveratrol-induced viral inhibition (Fig. 2F) , confirming the specific involvement of sirtuin levels and activities. The fact that the rescue was partial suggests that resveratrol may also activate other sirtuins or impact other cellular processes required for viral replication. To further confirm that the observed inhibition of virus titer is associated with sirtuin activity, we next tested CAY10602, a more potent agonist of SIRT1 (Fig. 2G) , shown to modulate SIRT1 functions (21) . CAY10602 had a more profound effect on virus replication, triggering the reduction of HCMV titers to undetectable levels without affecting cell viability (Fig. 2G to I) .
As a further confirmation of the impact of sirtuin agonists on virus replication, we monitored by Western blotting the expression levels of viral proteins representative of different stages of the HCMV life cycle. While the level of an immediate early protein (IE1) was not changed following sirtuin activation, expression of early (pUL26) and late (pUL99) viral proteins decreased following treatment with resveratrol and, to an even greater extent, with the activator CAY10602 (Fig. 3A) . As expected, an opposite effect on late viral protein accumulation was observed following treatment with the inhibitor EX-527 (Fig. 3B) .
Next, we probed whether the modulation of sirtuin activity with drugs also altered the yield of influenza virus A/PR8 following infection of MDCK cells. Our findings mirrored those observed for HCMV, since the SIRT1 inhibitor EX-527 increased A/PR8 titers ( Fig. 4A ), while the sirtuin agonist resveratrol reduced virus titers ( Fig. 4B ) without compromising the viability of MDCK cells (Fig. 4C ). Therefore, sirtuin activity constitutes a core host defense mechanism against both DNA and RNA viruses. Importantly, our results show that a single drug, targeting a host factor, can effectively inhibit a wide range of viruses.
Sirtuin defense functions are evolutionarily conserved. Because sirtuins are known to be evolutionarily conserved, we next asked whether their antipathogen functions emerged early on as an antibacteriophage defense mechanism in bacteria. We investigated the sirtuin homologue in E. coli, CobB (22) , and its effect on the infection with the enterobacterium phage T4 (T4⌬rl phage) (23) . CobB overexpression was achieved using an isopropyl-␤-Dthiogalactopyranoside (IPTG)-inducible CobB-expressing plasmid ( Fig. 5A) , without altering the cell growth rate over the time frame tested (Fig. 5B ). The overexpression of CobB led to a significant reduction in T4⌬rl phage titers during infection (Fig. 5C ). Furthermore, CobB overexpression also delayed (by~4.5 min) the cell lysis triggered by T4⌬rl phage infection (Fig. 5D ). We next tested the impact of CobB knockout. Cell growth remained consistent in the wild-type (WT) and knockout backgrounds (Fig. 5E ). As expected, knockout of CobB resulted in increased T4⌬rl phage plaque size ( Fig. 5F ) and burst size (Fig. 5G ), and this effect was reversed by the IPTG-induced expression of CobB (Fig. 5G) . To expand our studies, a second bacterial virus was studied, the virulent mutant of the enterobacterium phage (vir) (24) . Similar to our results for T4⌬rl phage, the vir burst size was substantially increased in the CobB knockout background compared to that in wild-type cells (Fig. 5H) . Altogether, these results establish the CobB deacetylase as a host defense factor against bacteriophages. 
DISCUSSION
siRNA-mediated knockdown of individual human sirtuins increased the yield of HCMV, HSV-1, Ad5, and influenza virus H1N1 in cultured cells (Fig. 1C to F) . The production of HCMV and influenza virus was enhanced by treatment with the SIRT1 antagonist EX-527 ( Fig. 2A and 4A ), whereas yields were reduced by SIRT1 activators (Fig. 2D and G and 4B ). These observations reveal that the sirtuins constitute a broadly acting family of viral restriction factors.
The bacterial sirtuin CobB, a protein deacetylase that is closely related to mammalian sirtuins in its structure (22) , impacted the growth of bacteriophages T4 and (Fig. 5) . Thus, it appears that the sirtuin system is one of the earliest forms of cellular antiviral immunity to arise. The CRISPR (clustered regularly interspaced short palindromic repeats) system (25) , which protects bacteria and archaea from bacteriophages, is also ancient, but it has not yet been found in eukaryotes. RNA interference (RNAi) (26) and Toll-like receptors (TLRs) (27) arose more recently, beginning with invertebrates; and the interferon system is a vertebrate invention (28) .
How broad is the spectrum of sirtuin antiviral activity? The four viruses we tested are very different in terms of their biology (DNA versus RNA genomes, enveloped versus naked particles, rapid versus slow replication), so the fact that each of them was modulated by multiple members of the sirtuin family suggests that the family will prove to target a wide range of viruses. In addition to the viruses studied here, SIRT1 has been reported to protect against additional viruses, but in many cases the evidence is based primarily on sensitivity to resveratrol. Mechanisms underlying resveratrol activity must be interpreted cautiously, because it is known to target proteins other than sirtuins (29) . As noted above, however, inhibition of two bacteriophages by the bacterial sirtuin homologue CobB argues that sirtuins arose as an antiviral defense early in evolution. As a consequence, it is quite possible that many viruses beyond those that we have tested will also prove susceptible to their action.
Are any viruses resistant to the antagonistic effects of sirtuins? HIV and hepatitis B virus (HBV) appear to leverage SIRT1 activity to their advantage. The HIV Tat protein binds to the TAR motif at the 5= end of HIV RNAs to enable the continued elongation of levels were assayed by RT-qPCR in MC4100-wt and MC4100-⌬CobB cells and in cells containing a CobB expression plasmid (wt-pCobB) before and after 15 min of IPTG induction and were determined by RT-qPCR. Results (means Ϯ SD; n ϭ 3) were normalized to the expression level of cysG. (B) CobB overexpression does not alter the rate of bacterial growth. MC4100-wt cells containing a CobB expression plasmid were induced with IPTG (0.25 mM) for 15 min. Cells were diluted 10-fold, and cell growth was monitored by absorbance (OD 600 ); means Ϯ SD, n ϭ 3. (C) T4⌬rI phage titers are reduced in E. coli overexpressing CobB. MC4100-wt cells containing the ASKA(Ϫ) CobB plasmid (wt-pCobB) were induced with IPTG (0.25 mM) for 15 min. Cells were diluted 10-fold and infected with T4-⌬rI (0.1 PFU/cell). Phage titers were measured at the indicated times by plaque assay; means Ϯ SD are shown (n ϭ 3). (D) E. coli lysis is delayed during T4-⌬rI infection upon CobB overexpression. CobB expression was induced with IPTG as for panel A, cells were infected with T4-⌬rI (2 PFU/cell), and bacterial growth was monitored by absorbance (OD 600 ); means Ϯ SD are shown (n ϭ 3). (E) CobB deletion does not alter the rate of bacterial growth. MC4100-wt and MC4100-⌬CobB growth rates were monitored by absorbance (OD 600 ); means Ϯ SD are shown (n ϭ 4). (F) T4⌬rI phage plaque size is larger in the CobB knockout background. MC4100-wt and MC4100-⌬CobB were infected with T4 phage (T4-⌬rI). Images of agar plates were captured at 16 hpi. (G) T4-⌬rI burst size is increased in a CobB knockout background. MC4100-wt and MC4100-⌬CobB cells with or without the ASKA(Ϫ) CobB plasmid were induced and infected as for panel A. Burst size was determined at 75 min postinfection; means Ϯ SD are shown (n ϭ 3). (H) vir burst size is increased in a CobB knockout background. Wild-type (MC4100-wt) and CobB knockout (MC4100-⌬CobB) E. coli cells were infected with vir (0.1 PFU/cell). Burst size was determined at 60 min after infection. For all experiments, means Ϯ SD are shown (n ϭ 3); ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05; ns, nonsignificant. transcription. After transcripts are completed, Tat is released and deacetylated by SIRT1 to allow recycling of Tat and continued HIV mRNA elongation (13) . Furthermore, Tat binding blocks the ability of SIRT1 to deacetylate and inhibit the NF-B p65 subunit, activating proinflammatory genes controlled by the transcription factor and possibly contributing to the chronic immune activation that accompanies HIV infection (14) . Thus, SIRT1 allows multiple cycles of Tat action, and the perturbation of SIRT1 function through its interaction with Tat might contribute to the pathogenesis of HIV infection. For HBV, SIRT1 mRNA and protein are upregulated in cell lines expressing viral gene products (30) , and SIRT1 associates with the viral covalently closed circular DNA (cccDNA) (30, 31) , the template for viral transcription. Consistent with this localization, the HBV core promoter is upregulated in a SIRT1-dependent manner. SIRT1 function is altered by the HBV X protein, which interacts with SIRT1, blocking its ability to modulate the activity of one of its cellular interaction partners, ␤-catenin (32). Thus, SIRT1 appears to be targeted by the Tat and X proteins and to support the activation of HBV transcription and the elongation of HIV transcripts. Nevertheless, given its many targets, SIRT1 might mediate distinct antagonistic effects toward these viruses, and, of course, HIV and HBV might prove to be sensitive to the action of one or more of the remaining six sirtuins.
How do SIRTs influence virus replication? Since sirtuins display a range of subcellular localizations and enzymatic activities, we expect that the mechanisms involved in their antiviral functions will be diverse. Consistent with this view, the specific siRNAs that most effectively increased yields varied across the viruses tested (Fig. 1C to F) , arguing that different SIRT activities, and therefore different SIRT-mediated antiviral mechanisms, influenced the four viruses to a greater or lesser extent.
The metabolic regulatory activities shared by multiple sirtuins might underlie key aspects of their antiviral activity. All of the sirtuins require NAD ϩ for activity, tightly linking their function to the metabolic status of cells, and multiple sirtuins have been shown to directly influence cellular metabolic homeostasis (2-4). For example, in various cell types, SIRT1 has been shown to inhibit glycolysis by deacetylating phosphoglycerate mutase 1 (PGAM-1) (33), to inhibit fatty acid synthesis by deacetylating serum response element binding protein 1c (SREBP1c) and targeting it for degradation (34) while inducing fatty acid oxidation by activating peroxisome proliferator-activated receptor ␣ (PPAR␣) (35) , and to promote reverse cholesterol transport by deacetylating and activating the liver X nuclear receptor (LXR) (36) . Similarly, SIRT6, which is induced by SIRT1 (37), represses glycolysis by serving as a corepressor for hypoxia-inducible factor 1␣ (HIF-1␣) (38) and reducing glucose uptake (39) , and it inhibits SREBP1 and SREBP2 to reduce cholesterol biosynthesis (40) . Further, the mitochondrial SIRT3 promotes fatty acid oxidation by deacetylating long-chain-specific acyl coenzyme A dehydrogenase (LCAD) (41) , and SIRT4 blocks the utilization of glutamine as a carbon source to drive the tricarboxylic acid (TCA) cycle by inhibiting glutamate dehydrogenase (GDH) (8) . All of these sirtuin activities would be expected to antagonize HCMV replication, because HCMV induces and requires active glycolysis, very long chain fatty acid synthesis, continued mitochondrial oxidative phosphorylation, and intracellular cholesterol to generate infectious virions (42) (43) (44) (45) . Numerous viruses in addition to HCMV perturb their host cell's metabolism, e.g., HSV-1 (46) and hepatitis C virus (47) , so sirtuin activities designed to maintain metabolic homeostasis might well be central to the broad-spectrum antiviral activities of sirtuins.
Viruses generally evolve to resist cellular antiviral responses. For example, many viruses antagonize aspects of the interferon response (48) . Are some viruses resistant to sirtuin antiviral activities? In this regard, the yields of HSV-1 and Ad5 were increased to a lesser extent than those of HCMV and influenza virus A/WSN by treatment with sirtuin-specific siRNAs (Fig. 1C to F) . Since sirtuin activity is dependent on NAD ϩ levels, this observation fits with the reported reduction in NAD ϩ during HSV-1 infection (46) and may represent a viral resistance mechanism designed to escape the effects of sirtuins. In contrast, NAD ϩ levels do not change significantly during HCMV infection (46) , so it is conceivable that sirtuins contribute to the slower replication of HCMV in comparison with its relative, HSV-1. Further, SIRT3 and SIRT7 showed no significant antiviral activity against HSV-1 infection. This raises the possibility that their antiviral effects are blocked during HSV-1 infection, possibly by a viral protein.
In conclusion, we have discovered that the sirtuin enzymes are evolutionarily conserved antiviral host factors. The bacterial CobB sirtuin has antibacteriophage functions, and the seven human sirtuins exhibit broad-range defensive properties against DNA and RNA viruses. Our findings point to sirtuins as ancient antiviral defense factors that protect against a variety of pathogens. This discovery predicts that a single host factor, a sirtuin, can be modulated to inhibit numerous types of viral infections, thereby offering the opportunity for broad-spectrum antiviral treatments that do not allow rapid evolution of resistant viruses. (24) or bacteriophage T4⌬rl (rapid lysis mutant which produces large plaques) (23) (a kind gift from Ry Young, University of Texas, Dallas) was propagated and studied in E-coli K-12 MC4100 cells (53) .
MATERIALS AND METHODS

Viral
Sirtuin siRNA screen. Knockdowns of each of the seven mammalian sirtuins were generated via transfecting MRC5 cells with siRNAs (Sigma) (Table 1) as described previously (44) . An siRNA targeting HCMV IE2 (siIE2) (54) was used to assess transfection efficiency. Efficiency of knockdown was validated by qPCR analysis using an ABI 7900 HT real-time PCR system with SYBR green PCR master mix (Applied Biosystems) and appropriate primers (Table 2) . To assay the effect of sirtuin knockdown on virus replication, cells were treated with sirtuin-specific siRNAs and then processed as follows: infect with HCMV (0.5 IU/cell) at 24 h after knockdown and harvest cell-free progeny at 96 h postinfection (hpi); infect with HSV-1 (1.0 IU/cell) or influenza virus A/WSN (0.01 50% tissue culture infective dose [TCID 50 ]) at 72 h after knockdown and harvest cell-free progeny at 24 hpi; infect with Ad5 (5 IU/cell) at 72 h after knockdown and harvest cell-free progeny at 48 hpi. Virus yields were determined by infectious center assay using antibodies for HCMV IE1 (1B12) (55) Modulation of sirtuin activity. MRC5 fibroblasts (HCMV, HSV-1, and Ad5) or MDCK cells (influenza virus A/PR8) were infected at the input multiplicities described above. At 2 hpi, culture media were changed to fresh media supplemented with one of the following drugs: resveratrol (a sirtuin activator; Sigma), CAY10602 (a sirtuin activator; Cayman), or EX-527 (a SIRT1 inhibitor; Cayman), and the viral titer was determined at various times after infection as described above. The impact of drug treatment on SIRT1 deacetylation activity was assessed using the direct fluorescence assay (Cayman) according to the manufacturer's specifications. Cell viability following treatment was assessed by CellTiter 96 AQueous One solution assay (Promega) and by phase microscopy (Nikon Eclipse TE200). The effects of treatments on HCMV proteins were analyzed by Western blotting. Cells were collected at 24, 48, and 72 hpi (3 IU/cell) and lysed in radioimmunoprecipitation assay (RIPA)-light buffer (50 mM Tris-HCl, pH 8.0, 1% NP-40, 0.1% SDS, 150 mM NaCl, 0.1% Triton X-100, and 5 mM EDTA) with protease inhibitor cocktail (Sigma). Protein concentrations were determined by Bradford assay, and proteins were resolved by SDS-PAGE and transferred to a polyvinylidene fluoride membrane. The antibodies used were anti-IE1 (clone 1B12) (55), anti-UL26 (7H-19) (58), anti-UL99 (10B4-29) (49), and anti-␤-actin-horseradish peroxidase (HRP) (Abcam).
Bacteriophage experiments. MC4100-wt-pCobB and MC4100-⌬CobB-pCobB cells were generated by transformation of MC4100-wt (53) (wild type) and MC4100-⌬CobB (CobB knockout) with the CobBHis 6 ASKA(Ϫ) plasmid (59) . The CobB knockout strain was generated by transferring a ⌬cobB::kan insertion-deletion allele obtained from the Keio collection (60) to the E. coli K-12 laboratory strain MC4100 through generalized transduction. The kanamycin resistance marker was then cured by FLP-mediated recombination in the presence of the plasmid pCP20 (61), yielding a 34-bp FLP recombination target (FRT) site "scar" in place of the CobB open reading frame (ORF). Culture cells were grown at 37°C. Where appropriate, chloramphenicol (100 g/ml; Fisher Scientific) was added to the culture medium. Isopropyl ␤-D-1-thiogalactopyranoside (IPTG) (Ambion) induction was performed by adding IPTG (0.25 mM) to E. coli at an optical density at 600 nm (OD 600 ) of 0.5, vigorous shaking for 15 min at 37°C. To ensure that cell toxicity associated with CobB overexpression is minimized, IPTG was diluted 1:10 after induction. Cell growth was monitored by measuring the OD 600 every 5 min using a BioTek Synergy HT microplate reader with Gen5 software. For kinetic lysis assay, cells treated with IPTG were infected with T4-⌬rI (2 PFU/cell), and cell growth was monitored as described above. Lysis time was determined by nonlinear curve fitting and calculating the midpoint of the lysis curve using the software program GraphPad Prism 6. CobB mRNA levels were compared between three bacterial strains: MC4100-wt, MC4100-⌬CobB, and MC4100-wt-pCobB. Bacterial cultures inoculated from single colonies from each strain were grown overnight at 37°C in 5 ml Luria broth. The next day, cells were synchronized in equal volumes by dilution to an OD 600 of 0.05 and further incubated at 37°C until reaching an OD 600 of 0.6. CobB expression from the ASKA plasmid was induced with IPTG (0.25 mM) for 15 min, and the MC4100-wt and MC4100-⌬CobB cultures were incubated at 37°C for 3 h. Cells were collected by centrifugation, and RNA in the cell pellet was stabilized using RNAprotect bacterial reagent (Qiagen), following the manufacturer's protocol. RNA was extracted using an RNeasy minikit (50) (Qiagen) and treated with DNase I from the same kit to degrade DNA trace amounts. cDNA was synthesized using a RETROscript kit (Invitrogen), and reverse transcription-qPCR (RTqPCR) analysis was performed as described above, using primers listed in Table 2 .
vir and T4⌬rI phage infections were carried out at 15 min of IPTG induction, and titers were measured by plaque assay at indicated time points postinfection. vir burst size was determined as described previously (62) . Briefly, the relevant E. coli strains were grown in triplicate to mid-exponential phase in rich medium containing 0.2% maltose to induce expression of the receptor LamB and incubated with vir in 10 mM MgSO 4 for 15 min. Infective centers were isolated by centrifugation, incubated in rich medium at 37°C for 1 h, and then plated for plaques overnight at 37°C. Burst size was established by determining the ratio of initial PFU number ("prelysis") to final PFU number ("postlysis"). T4⌬rI phage burst size was determined essentially as described elsewhere (63) .
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